The transformation of mechanical energy into electrical signals is the first step in mechanotransduction in the peripheral sensory nervous system and relies on the presence of mechanically gated ion channels within specialized sensory organs called mechanoreceptors. Piezo2 is a vertebrate stretch-gated ion channel necessary for mechanosensitive channels in mammalian cells. Functionally, it is related to light touch, which has been detected in murine cutaneous Merkel cell-neurite complexes, Meissner-like corpuscles and lanceolate nerve endings. To the best of our knowledge, the occurrence of Piezo2 in human cutaneous mechanoreceptors has never been investigated. Here, we used simple and double immunohistochemistry to investigate the occurrence of Piezo2 in human digital glabrous skin. Piezo2 immunoreactivity was detected in approximately 80% of morphologically and immunohistochemically characterized (cytokeratin 20 + , chromogranin A + and synaptophisin + ) Merkel cells. Most of them were in close contact with Piezo2 À nerve fibre profiles. Moreover, the axon, but not the lamellar cells, of Meissner's corpuscles was also Piezo2 + , but other mechanoreceptors, i.e. Pacinian or Ruffini's corpuscles, were devoid of immunoreactivity. Piezo2 was also observed in non-nervous tissue, especially the basal keratinocytes, endothelial cells and sweat glands. The present results demonstrate the occurrence of Piezo2 in cutaneous sensory nerve formations that functionally work as slowly adapting (Merkel cells) and rapidly adapting (Meissner's corpuscles) low-threshold mechanoreceptors and are related to fine and discriminative touch but not to vibration or hard touch. These data offer additional insight into the molecular basis of mechanosensing in humans.
Introduction
Mechanotransduction can be defined as the transformation of mechanical energy into biological signals, and in the peripheral sensory nervous system, it results in the generation of an electrical signal that is the first step in mechanosensing. It is currently accepted that mechanically activated ion channels initiate mechanosensing, from cutaneous light touch to muscular proprioception. Nevertheless, the molecular and neural mechanisms underlying this process and the precise identity of these molecules in vertebrates are still elusive. The ion channel mechanosensor candidates belong to the superfamilies of the Degenerin/ Epithelial Na + channels (especially the family of acid-sensing ion channels, ASICs) and transient receptor potential (TRP) ion channels, the two-potassium pore (K 2P ) channels family, and the proteins encoded by Piezo1 and Piezo2 genes (Lumpkin & Caterina, 2007; Lumpkin et al. 2010; Roudaut et al. 2012; Delmas & Coste, 2013; Ranade et al. 2015; Sharif-Naeini, 2015) .
Piezo2 is a vertebrate stretch-gated multipass transmembrane protein necessary for non-selective cationic mechanosensitive channels in mammalian cells (Coste et al. 2010) . Functionally, it is related to light, but not harsh, mechanical touch. In the peripheral nervous system, Piezo2, at the mRNA or protein level, has been detected in sensory neurons (Coste et al. 2010; Bron et al. 2014; Ranade et al. 2014; Alamri et al. 2015) in slowly adapting (SA) low-threshold mechanoreceptors (LTMRs), Merkel discs (consisting of Merkel cells and Ab-afferent nerve endings) and isolated Merke cells (Ikeda et al. 2014; Maksimovic et al. 2014; Ranade et al. 2014; Woo et al. 2014 Woo et al. , 2015a ; in the rapidly adapting (RA) LTMRs, Meissner's corpuscles and lanceolate nerve endings ; and in muscle spindles (Woo et al. 2015b) . Consistent with its role, Piezo2-deficient animals show an almost complete deficit in light-touch sensation and proprioception without affecting other somatosensory functions Woo et al. 2015a) . Piezo2 mutations in humans result in a selective loss of touch perception and a decrease in proprioception (Chesler et al. 2016; Mahmud et al. 2016) . In addition to these sensory deficits, mutations in Piezo2 are responsible for complex syndromes that involve joints, ocular muscles and bones (see McMillin et al. 2014; Alisch et al. 2016; Chesler et al. 2016) .
The human glabrous skin contains sensory structures known collectively as mechanoreceptors, where mechanotransduction occurs (McGlone & Reilly, 2010; Roudaut et al. 2012; Fleming & Luo, 2013; Hao et al. 2015) . They show different morphologies, such as Meissner's corpuscles, Pacinian corpuscles, Ruffini's corpuscles, and Merkel cell-neurite complexes (McGlone & Reilly, 2010; Zimmerman et al. 2014) but are similar in structure and immunohistochemical properties (Vega et al. 2009 ) and functionally work as SA-and RA-LTMRs (see Olson et al. 2016) .
Based on actual knowledge of the molecular basis of mechanotransduction, it can be hypothesized that the ability of mechanoreceptors to detect mechanical stimuli relies on the presence of mechanosensitive ion channels within them and subsequently on the activation of the peripheral branch of LTMR sensory neurons (Abraira & Ginty, 2013) . Previous studies in humans have reported the occurrence of the putative mechanosensing ion channels ASICs, TRPC6 and TRPV4 in Meissner's corpuscles, Pacinian corpuscles and Merkel cell-neurite complexes (Calavia et al. 2010; Cabo et al. 2012 Cabo et al. , 2015 AlonsoGonz alez et al. 2017) . However, as opposed to Piezo2, those ion channels have not been shown to have mechanotransducer properties in vertebrates (see Delmas & Coste, 2013; Ranade et al. 2015) .
To our knowledge, the distribution of Piezo2 in human skin has never been investigated. Here, we used immunohistochemistry to investigate the presence of Piezo2 in digital skin mechanoreceptors. This study aimed to better understand the molecular basis of mechanosensing in humans.
Materials and methods

Materials and treatment of tissues
Skin samples were obtained from the palmar aspect of the distal phalanx of amputated hand fingers (n = 12) from subjects free of neurological disease (age range 21-60 years; six females and six males). The material was collected within 3 h after amputation and was obtained in the Department of Plastic Surgery of the Hospital Universitario Central de Asturias (HUCA), Oviedo, Spain. The specimens were fixed in 4% formaldehyde in 0.1 M phosphate-buffered saline (pH 7.4) for 24 h, dehydrated and routinely embedded in paraffin. All materials used in the present study were obtained in compliance with Spanish Laws and according to the guidelines of the Declaration of Helsinki II (World Medical Association, 2013) .
Single immunohistochemistry
Deparaffinized and rehydrated sections were processed for detection of Piezo2 using the EnVision antibody complex detection kit (Dako, Copenhagen, Denmark) following the supplier's instructions. Briefly, endogenous peroxidase activity was inhibited (3% H 2 O 2 for 15 min), and non-specific binding was blocked (10% bovine serum albumin for 20 min). Sections were then incubated overnight at 4°C with the primary antibody. The antibody against Piezo2 was polyclonal raised in rabbit (Sigma-Aldrich, Madrid, Spain), and recognizes the following amino acid sequence: FEDEN-KAAVRIMAGDNVEICMNLDAASFSQHNP (manufacturer's notice); it was used diluted to 1 : 200. Subsequently, the sections were incubated with anti-rabbit EnVision system-labelled polymer (DakoCytomation) for 30 min. Finally, the slides were washed with buffer solution, and the immunoreaction was visualized with diaminobenzidine as a chromogen, washed, dehydrated, and mounted with Entellan â (Merck, Dramstadt, Germany). To ascertain structural details, the sections were counterstained with Mayer's haematoxylin.
Double immunofluorescence
Sections were also processed for simultaneous detection of Piezo2 together with specific markers for Schwann cells (S100 3-conjugated donkey anti-mouse antibody (Jackson-ImmunoResearch, Baltimore, MD, USA) diluted to 1 : 100 in TBS. Both steps were performed at room temperature in a dark, humid chamber. Sections were finally washed and the cell nuclei stained with DAPI (10 ng mL À1 ). Triple fluorescence was detected using a Leica DMR-XA automatic fluorescence microscope (Microscop ıa fot onica y proceso de im agen, servicios cient ıfico-t ecnicos, Universidad de Oviedo) coupled with Leica CONFOCAL Software, version 2.5 (Leica Microsystems, Heidelberg GmbH, Germany), and the images captured were processed using IMAGEJ software version 1.43g [Master Biophotonics Facility, McMaster University Ontario (www.macbiophotonics.ca)].
For control purposes, representative sections were processed in the same way as described but using non-immune rabbit or mouse sera instead of the primary antibodies or omitting the primary antibodies in the incubation. Furthermore, when available, additional controls were carried out using specifically preabsorbed antisera. Under these conditions, no positive immunostainning was observed (data not shown).
Quantitative study
The percentage of Merkel cells and Meissner's corpuscles showing immunoreactivity for Piezo2 was calculated in five sections, 100 lm apart from each specimen, and processed for simultaneous detection of Piezo2-CK20 and Piezo2-S100 protein. The counts were made by two independent observers. Images were captured with a Leica SCN400 Scan coupled with a Nikon Eclipse 80i microscope and a Nikon DS-Ri1 camera, and they were viewed with the SlidePath Gateway 
Results
Merkel cells display Piezo2 immunoreactivity
Among the basal layer of the epidermal papillary ridges, abundant cells showing a peripheral cytoplasmic halo displayed strong immunoreactivity for Piezo2 and were occasionally found isolated but more often forming clusters (Fig. 1 ). Based on their morphology and location within the epidermis, these cells were identified as Merkel cells. Nevertheless, not all cells showing morphological features of Merkel cells were Piezo2-positive (Fig. 2) . To identify definitively the epidermic Piezo2-positive cells, double immunohistochemistry was carried out using markers for Merkel cells together with Piezo2. Merkel cells displayed immunoreactivity for ChrA (Fig. 2a-c) , CK20 ( Fig. 2d-f) and Syn ( Fig. 2g-i) . In some cells, Piezo2 clearly co-localized with these Merkel cell markers, whereas in others (as was the case for Syn), both proteins were independent but localized within the same cells. In addition, the occurrence of NSE immunoreactivity in Merkel cells (Masuda et al. 1986; Isgr o et al. 2015) was detected in both Piezo2-negative (Fig. 3e ) and Piezo2-positive (Fig. 4b ) Merkel cells. Considering the count of CK20-positive cells as the total population of Merkel cells, approximately 21 AE 4.3% of them lacked Piezo2 immunoreactivity. On the other hand, a variable population of Merkel cells was intimately associated with a nerve terminal, but some were not. To establish whether Piezo2-positive Merkel cells were innervated, double immunolabelling for Piezo2 and NFP, NSE and S100 protein was performed. Most Piezo2-positive cells were in contact with NSE ( Fig. 4a-c) or NFP ( Fig. 4d-f ) nerve profiles, but 16.4 AE 3.9% were apparently without nerve contact. Nerve fibres displaying S100 protein immunoreactivity were never found within the epidermis and were therefore considered to be in contact with Merkel cells (data not shown).
Piezo2 immunostaining in the axon of Meissner's corpuscles
We also explored Piezo2 immunoreactivity in Meissner's corpuscles. Using single immunohistochemistry, all Meissner's corpuscles examined showed a pattern of immunostaining consistent with its localization in the axons. Nevertheless, differences in the corpuscular Piezo2 profiles were observed, as indicated by the tortuous trajectory of the axon and the plainness of the section (Fig. 5 ). To confirm the axonic localization of Piezo2, double immunostaining was performed to label the axon with NFP and NSE and the lamellar cells with S100 protein. Piezo2 was co-localized with axonic markers labelling the whole axon profile (Fig. 6 ) or only axon segments (Fig. 7) . When studied at high magnification in transverse sections of the axon, it was observed that Piezo2 was localized at the periphery, presumably in the axolemma (Fig. 7) . As Piezo2 was not detected co-localized with S100 protein, it can be assumed that lamellar cells lack Piezo2 (Fig. 8) . However, occasionally, a faint, diffuse and granular Piezo2 immunostaining was observed in these cells. 
Other morphotypes of sensory corpuscles and cutaneous nerves
No specific immunoreactivity for Piezo2 was detected in other kinds of cutaneous mechanoreceptors, such as Pacinian (Fig. 9a,d ) or Ruffini corpuscles (data not shown). In the superficial and deep dermal nerves, axons displaying Piezo2 were observed (Fig. 9a ).
Piezo2 immunoreactivity in non-nervous cutaneous tissue
In addition to Merkel cells and Meissner's corpuscles, Piezo2 immunoreactivity was detected in several cutaneous tissues. In the epidermal keratinocytes, especially the basal ones, there was occasionally immunoreactivity showing a faint cytoplasmic pattern (Fig. 9a,e) . In the dermis, both the endothelial and muscular layers of blood vessels were also Piezo2-positive (Fig. 9e) , as were the acini and ductal cells of the sweat glands (Fig. 9a-c) .
Although no specific studies were carried out, gender or age-related differences were not evident in the density of Piezo2-positive Merkel cells or Meissner's corpuscles.
Discussion
The activation of channels that results in ion flow in response to mechanical stimuli initiates the conversion of mechanical stimuli into electrical signals as a part of the complex process termed mechanotransduction (Lumpkin & Caterina, 2007; Lumpkin et al. 2010; Delmas & Coste, 2013; Ranade et al. 2015) . Currently, members of the TRP, ASIC2, K p2 and Piezo ion channel families are considered potential mechanosensitive channels (Liedtke, 2005; Gu & Gu, 2014; Ranade et al. 2015; Sharif-Naeini, 2015) . However, it has not been fully established whether they are true mechanotransducers or are only indirectly required for mechanotransduction, as there is no conclusive demonstration that most of these ion channels are mechanically gated. In addition, some of these mechanosensitive ion channels can be opened independently of mechanical forces (Honor e et al. 2015; Nakatani et al. 2015) . In vertebrates, mechanotransduction occurs in specialized sensory organs called mechanoreceptors (Vega et al. 2009; McGlone & Reilly, 2010) and involves the activation of the cutaneous branch of the axon of cutaneous LTMRs, a heterogeneous set of primary somatosensory neurons that function to sense mechanical forces (Roudaut et al. 2012; Fleming & Luo, 2013; Olson et al. 2016) . It is thought that deformations in the membrane of these mechanoreceptor cells gate mechanosensitive ion channels, thus converting the mechanical energy into electrical activity. Together, these data suggest that the ability of mechanoreceptors to detect mechanical stimuli depends on the presence of the mechanosensible ion channels within them (see Del Valle et al. 2012) . Consistent with this view, ion channel mechanosensor candidates have been found in mechanoreceptive neurons and mechanoreceptors (Del Valle et al. 2012; Delmas & Coste, 2013; Ranade et al. 2015) , but studies in humans are scarce (Calavia et al. 2010; Cabo et al. 2015; Alonso-Gonz alez et al. 2017) .
In this study, we investigated the occurrence and distribution of Piezo2 in mechanosensory nerve formations of human digital skin, especially Merkel cell-neurite complexes and Meissner and Pacinian corpuscles. Merkel cell-neurite complexes are tactile organs consisting of Merkel cells and afferent SA-LTMR endings that mediate responses to fine touch (see Woo et al. 2015a ). Meissner's corpuscles (Vega et al. 2012) are supplied by the peripheral branch of RA-LTMR sensory nerve fibres that are activated by innocuous mechanical forces applied to the skin, although some can also be activated by noxious stimuli (Johnson, 2001; Abraira & Ginty, 2013; Fleming & Luo, 2013) . Finally, Pacinian corpuscles function as RA-LTMRs (Li et al. 2011 ) that primarily detect gross pressure changes and vibrations (Johnson, 2001; Roudaut et al. 2012; Fleming & Luo, 2013; Zimmerman et al. 2014) . Data from cultures of dorsal root ganglion neurons from Piezo2-conditional knockout mice and from ex vivo skin nerve preparations show that the mechanosensitivity of LTMRs strongly depends on Piezo2 . To our knowledge, the presence of Piezo2 has never been reported in human mechanosensory structures. Human Merkel cells display strong immunoreactivity for Piezo2. To characterize them and their relationship with nerve fibres, we used a battery of antibodies against specific cytoskeletal, synaptic vesicles, axons and Schwann cells, as Merkel cells form synaptic-like contacts with sensory afferent terminals (Llombart et al. 2005; 2013; Fukuhara et al. 2016) . We demonstrated they are CK20, which is in line with the epithelial (Morrison et al. 2009; Van Keymeulen et al. 2009 ) and non-neural crest (Szeder et al. 2003) origin of these cells. Nevertheless, we have also found NSE immunostaining in some Merkel cells, as previously reported (Masuda et al. 1986; Isgr o et al. 2015) , which argues for a neuronal instead of epithelial origin. Thus, the immunohistochemical approach to Merkel cells does not clarify their filiation. Interestingly, a subset of morphologically and immunohistochemically characterized Merkel cells were Piezo2-negative. At present, this finding cannot be explained, and it is unknown whether the Piezo2-negative Merkel cells act as mechanoreceptors. On the other hand, the expression of Piezo2 by Merkel cells was independent of its innervation, as nerve profiles were found to be associated with both Piezo2-positive and Piezo2-negative Merkel cells. It must be emphasized that Piezo2-positive nerve profiles were never found. Therefore, the functions of Piezo2 in the Merkel cell-neurite complexes seemed to be centred in the cells rather than in the nerve terminals. Our results are in good agreement with data demonstrating that Merkel cells are mechanosensitive cells (Maricich et al. 2009 ) and function in touch transduction via Piezo2 . However, controversy exists as to whether Merkel cells or sensory axons are the sites of mechanotransduction (Ikeda et al. 2014; Ranade et al. 2014; see Woo et al. 2015a ), although our results lend support to the first opinion. Some studies have suggested that both components of the Merkel cell-neurite complexes participate in discriminative touch: Merkel cells signal static stimuli, such as pressure, whereas sensory afferents transduce dynamic stimuli, such as moving gratings (Maksimovic et al. 2014; Nakatani et al. 2015) . The axons supplying Meissner's corpuscles were also Piezo2-positive, whereas the Schwann cell-related lamellar cells forming these sensory structures were negative. These results match previous data in murine Meissner-like corpuscles . Thus, in these sensory structures, Piezo2 is localized in the nerve terminal instead of the accessory cells. Other kinds of mechanoreceptors, such as Ruffini or Pacinian corpuscles, were devoid of Piezo2 immunoreactivity, suggesting that this mechanoprotein is not involved in their physiology. The two kinds of Piezo2-positive cutaneous mechanoreceptors identified in the present study comprise afferent terminals associated with non-neuronal cell types, such as Merkel cells and modified Schwann cells. An open question is whether these non-neuronal cells serve primarily as passive mechanical filters or actively participate in mechanosensory transduction. It seems evident that Piezo2 is present only in the non-neuronal cells of the Merkel cellneurite complexes, whereas it is restricted to the axons and absent from the non-neuronal cells in Meissner's corpuscles. Nevertheless, these non-neuronal cells in Meissner's corpuscles (ASIC2 and TRPV4; Cabo et al. 2015; Alonso-Gonz alez et al. 2017 ) and the Merkel cell-neurite complexes display immunoreactivity to other putative mechanoproteins that have been found in Merkel cells (ASIC2, Cabo et al. 2015 ; Piezo2 present results) and Schwann cells. Thus, the expression of mechanoproteins by human cutaneous mechanoreceptor cells remains to be clarified in future studies, especially as to why the same protein is present in some cases in non-neuronal cells and in other cases in the LTMR terminal.
Although functional studies are required in humans, the present data suggest that Piezo2 might be required for innocuous fine touch, whereas it does not participate in detecting rough touch or vibration, as it was absent from Pacinian corpuscles. This opinion is supported by data obtained in Piezo2-deficient animals, which show an almost complete deficit in light-touch sensation without changes in other somatosensory functions, demonstrating that Piezo2 is responsible for the mechanosensitivity SA-(Merkel cells) and RA-LTMRs are involved in innocuous touch sensation .
Outside the mechanoreceptors, we observed Piezo2 immunoreactivity in non-nervous tissue such as epidermal cells, endothelial cells of blood vessels, and cells in sweat glands. Although the precise role of Piezo2 in those cells remains to be established, it has been demonstrated that Piezo proteins, principally Piezo1, participate in some mechano-associated biological processes, such as sensing of shear stress, regulation of urine flow and bladder distention, volume regulation, and cellular development, migration, proliferation and elongation (Bagriantsev et al. 2014; Wu et al. 2017) . Further studies should be carried out, especially in subjects carrying mutations in Piezo2, to clarify the role of Piezo2 in these tissues.
